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Genetic factors are believed to be primarily responsible for obesity; however, an understanding of how
genes for obesity have become so prevalent in modern society has proved elusive. Several theories have
attempted to explain the genetic basis for obesity, but none of these appear to factor in the interethnic
variation in obesity. Emerging evidence is increasingly pointing to a link between reduced basal
metabolism and ineffective brown adipose tissue (BAT) thermogenesis. In fact, BAT presence and
function are strongly correlated with metabolic rates and directly influence obesity susceptibility. My
colleagues and I recently theorized that ancestral exposure to cold necessitated the evolution of en-
hanced BAT thermogenesis, which, with today’s hypercaloric and sedentary lifestyle, becomes ad-
vantageous, because thermogenesis is energetically wasteful, raising basal metabolism and burning
excess calories. The opposite may be true for the descendants of heat-adapted populations. This review
further reconciles global evolutionary climatic exposures with obesity demographics to understand the
genetic basis for the obesity pandemic, and new insights from the most recent studies are provided,
including those assessing archaic human admixture. Key genetic variants influencing BAT thermo-
genesis are outlined that have also been linked with climatic exposure to cold and appear to support the
theory that evolutionary factors relevant to climate may have shaped the modern obesity pandemic.
This article has been published under the terms of the Creative Commons Attribution License (CC
BY; https://creativecommons.org/licenses/by/4.0/), which permits unrestricteduse, distribution, and
reproduction in any medium, provided the original author and source are credited. Copyright for
this article is retained by the author(s).
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Obesity has reached pandemic proportions throughout the western world and its socioeco-
nomic impact is crippling. Obesity is particularly problematic because it is a risk factor for a
plethora of metabolic diseases that each increase mortality rates. Although the relatively
rapid rise in obesity prevalence over the last several decades has fueled the perception that
the disease is predominantly environmental, accumulating research has strengthened the
concept that genetic factors are mostly responsible for the current obesity pandemic [1]. This
is not a novel idea, however. In 1986, in a study of adopted monozygotic twin pairs reared
apart, Stunkard et al. [2] showed there was a high within-pair correlation in body mass index
(BMI). Conversely, there was no relationship between BMI of adoptive parents and their
adoptee. Several similar observations have been documented in comparable adoptive twin
study experiments [3].
It has long been known that interindividual susceptibility to weight gain and obesity is
highly variable, even under carefully controlled conditions. In a landmark paper by Bouchard
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et al. [4], pairs of adopted monozygotic twins were asked to overeat by 1000 calories/d in a
carefully controlled and supervised inpatient study. The study revealed the single most
important predictor of body weight gain by an individual twin was the weight gained by the
other twin. In fact, there was a large variation in body weight and adiposity between twin
pairs but negligible variation within twin pairs. The authors of this study concluded that
heritable factors were more decisive in the promotion of obesity than were environmental
factors, because twins were raised in separate environments. Energy intake and physical
activity were carefully controlled for in this study; therefore, genetic factors involved in basal
metabolic rate appear to be the primary determinant of obesity susceptibility in response
to overfeeding.
There are three major components of daily energy expenditure: obligatory energy ex-
penditure, which represents the energy required for upkeep of basic biochemical processes at
the cellular level within the body; physical activity energy expenditure, which is the energy
spent during exercise; and adaptive thermogenesis, which is the production of heat in re-
sponse to environmental or dietary factors [5, 6]. Differences in adaptive thermogenesis,
which raises energy expenditure beyond the obligatory energetic threshold, are potentially
responsible for the interindividual variation in total daily energy expenditure and, thus,
obesity susceptibility [7]. Adaptive thermogenesis involves the uncoupling of ATP synthesis
from the electrochemical gradient driven by the electron transport chain. This occurs in the
mitochondria of a specialist organ known as brown adipose tissue (BAT). BAT is functionally
distinct from white adipose tissue, which predominates in obesity and is primarily concerned
with energy storage. The energy wastage mechanism in BAT, which liberates energy in the
form of heat, is mediated by uncoupling protein 1 (UCP1). The importance of BAT ther-
mogenesis to maintenance of body temperature in small mammals was well known; however,
its presence in adult humans has only recently been established [8]. Although BAT depots
have been documented in newborns and shown to play a protective role in response to the
negative temperature gradient between the in utero and neonatal environment, it was
thought to deteriorate to undetectable levels by adolescence [9–11]. It was not until papers
published in 2009 revealed the presence of functionally active BAT in adult humans that
BAT’s potential therapeutic value in the light of the obesity pandemic was revisited [12–14].
Studies have estimated that maximally stimulated BAT can contribute as much as 20% to
total daily energy expenditure and thus provide substantial resistance in the fight against
obesity [15]. Another emerging concept in the field of adipose tissue research is the notion
that distinct adipocytes (namely, beige or brite cells) within white adipose depots may
undergo conversion to brown adipocytes under certain stimuli, such as cold exposure or
sympathetic nerve stimulation [16]. This process of conversion of beige adipocytes to brown
adipocytes is termed browning and is particularly therapeutically attractive in light of recent
studies that suggest that under thermoneutral conditions, human BAT may be more rep-
resentative of beige rather than classical BAT depots [17].
A caveat to the potential therapeutic capabilities of BAT or browning in combating obesity,
however, is that BAT maybe absent or reduced in certain ethnic groups. It remains to be
determined whether recruitment of BAT or browning mechanisms is equally limited in these
ethnic groups, and additional research is required to answer this important question. The
question of why various populations have reduced BAT functionality compared with others is
an intriguing one, and answers to this immensely important mystery may be found in the
evolutionary history of the ancestors of modern humans.
1. Evolution of BAT
Nonshivering thermogenesis (NST) is a form of adaptive thermogenesis that facilitates
rewarming from torpor or hibernation and/or maintains homoeothermic endothermy, which
is defined as the ability to raise and maintain core body temperature above and beyond that
derived from the external environment [18]. The evolutionary origins of NST, which is
mediated by BAT, remain controversial, however. Classical BAT depots have thus far only
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been discovered in mammals, suggesting that the tissue may have evolved to fuel the en-
dothermic requirements of early mammals [19]. UCP1 predates the origins of mammals,
however; it has been found in teleost fish [20]. Because fish do not possess BAT and are
generally not endothermic, a nonthermogenic role for ancient UCP1 has been postulated;
however, it is possible this gene may have provided a localized thermogenic role, such as in
cranial endothermy in specialized heater cells within the brains of certain fish species [21]. In
line with this argument, cold exposure results in increased brain UCP1 expression in the
common carp [22], though more direct evidence for thermogenic properties of UCP1 in fish
is required.
UCP1-dependent NST in BAT has been observed in various eutherian mammals but was
thought to be absent in most marsupials [20]. Molecular phylogenetic analysis suggests that
thermogenic properties of UCP1 evolved in eutherian mammals in the latter half of the
Cretaceous Period [23]; however, a study has shown that a UCP1 homolog is expressed in
BAT of some marsupials [24], albeit not in adults. Other studies have shown that marsupial
species possess BAT but do not rely on it for cold resistance [25]. Regardless of its origins,
UCP1-dependent NST in eutherian mammals appears to have promoted higher metabolic
rates and allowed for a stable body temperature, independent of the ambient external en-
vironment, enabling higher rates of reproduction and facilitating rapid adaptation to a range
of environmental niches. Eutherian mammals, with the evolution of UCP1-dependent BAT
thermogenesis, were able to hunt and forage at dusk and during the night when predatory
reptiles were inactive. Owing to BAT evolution, eutherians were freed to inhabit a greater
diversity of environments and establish themselves in previously uninhabitable climates. As
such, the evolution of endothermy is believed to have fueled eutherian mammalian radiation
at the end of the Cretaceous Period, wherein .4000 species of eutherians appeared on the
fossil record almost simultaneously. Findings of a recent study that showed greater species
diversification inUCP1-possessing taxa compared withUCP1-absent taxa, appear to support
this hypothesis [26].
Eutherian mammals diverged from the lineage with marsupials some 150 million years
ago [27–29]. Approximately 60 million years ago, primates emerged in eastern Africa. Ap-
proximately 4 million years ago, an early hominid, Australopithecus afarensis, evolved into
Homo erectus, whose descendants include all archaic human species, such asH. neanderthalensis
(Neanderthals), H. denisova (Denisovans), and modern humans [30].
Although eutherian mammals diversified and adapted to a range of ecological niches
ranging from tropical to polar, by the time modern humans evolved, ;2 million years ago,
they would have been highly adapted to the intense heat and arid conditions of sub-Saharan
Africa [31]. The requirement for heat resistance over cold tolerance would have reduced the
evolutionary necessity for UCP1-dependent NST in BAT. As archaic and modern humans
migrated out of Africa and began to inhabit northerly latitudes, however, the presence of
UCP1-dependent NST would have been a selective advantage that provided sufficient ac-
climation to cold. Thus, evolutionary exposure to cold may have influenced the selection for
genes involved in NST in BAT. To this end, a genetic variant in the b-3 adrenergic receptor
(ADRB3) gene has been found in such high frequencies in all nonhuman primates that it has
reached fixation [32]. ADRB3 on the surface of BAT stimulates lipolysis and activates NST
[18]. The variant found in nonhuman primates is thrifty: It leads to the reduction in lipolysis
and blunted NST [33]. Intriguingly, an energy wastage variant of ADRB3 that promotes
lipolysis and NST has been found only in humans, supporting the notion that the common
ancestor of nonhuman primates and hominids who lived in Africa had not required energy
wastage alleles that augmented thermogenesis [32].
2. Out of Africa: Cold Adaptation and Evolution of BAT
Various conflicting theories of modern human dispersal out of Africa have muddied the
waters on a precise timeline of events. The most viable theory, based on genetic evidence,
suggests that all contemporary non-Africans are descended from a small population of
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migrants that left Africa ~60,000 years ago [34, 35]. Although earlier migration events were
likely, they were not ultimately successful; there is very little trace of genetic material from
an earlier migration event in present populations. The caveat remains, however, that only a
small fraction of the global non-African population has thus far been genetically tested and it
is thus possible that traces of genetic material from an earlier migration event will be
discovered. Before this decisive out of Africa migration of modern humans, H. erectus suc-
cessfully migrated off of the continent, encountering cold climates for the first time. Ap-
proximately 500,000 years ago in Eurasia, Neanderthals evolved from the H. erectus. These
short-statured species were highly adapted to cold environments and likely possessed high
basal metabolic rates and elevated rates of vasoconstriction for heat preservation [36–38].
Another archaic species, the enigmatic Denisovans, whose paleontological remains were
recently excavated in Siberia, perhaps represent the far-eastern extent of the Eurasian
Neanderthals, sharing anatomical features and being equally adapted to extreme cold [39].
Although archaic humans were long thought to have not interbred with modern humans, it
has emerged that all non-African modern humans share genetic material with these archaic
species, equating to between 1% and 6% of the genome [40]. Given a lack of evidence of
admixture of archaic DNA in the genomes of contemporary Africans, it has been concluded
that the admixture arose sometime after the out of Africa migration event of modern humans
60,000 years ago somewhere in Eurasia [41]. Because archaic species had adapted to cold
climates for hundreds of thousands of years, before modern humans arrived, it would be
reasonable to speculate that archaic species bestowed cold-adaptive genes (e.g., those in-
volved in BAT NST) during admixture, which proved to be a selective advantage and fa-
cilitated rapid adaptation to a sudden change of environment.
There appears to be little evidence for advantageous archaic human alleles in contem-
porary modern humans, however. In fact, recent experimental evidence points to purifying
selection wherein deleterious archaic human alleles have been systematically purged by
selection [42]. Nevertheless, certain genetic loci that presumably conferred survival ad-
vantages appear to have been under positive selection, most notably in genes involved
in immune responses [43]. Moreover, adaptive introgression of archaic genes for climate
adaption in modern humans has been observed. For instance, Denisovan gene variants
enabled early modern human inhabitants of Tibet to adapt to the extremely cold and hypoxic
high-altitude environment [44]. Intriguingly, another study suggests that genes involved in
BAT thermogenesis in Greenland Inuits and presumed to support genetic adaptation to cold
may have been adaptively introgressed from archaic genomes. Racimo et al. [45] analyzed the
genomes of contemporary Inuit populations and found that a high-frequency allele in Inuits
that corresponds to the T-box transcription factor 15/mitochondrial tryptophan tRNA syn-
thetase 2 (TBX15/WARS2) locus. The authors found that this gene was likely the result
of introgression from archaic populations, most likely the Denisovans. Interestingly, the
TBX15/WARS2 locus has also been identified in genome-wide association studies (GWAS)
as a being associated with BMI in Europeans [46]. This locus affects adipogenic differen-
tiation and metabolism of brown and beige adipocytes and thus potentially mediates ther-
mogenic responses in NST [47]. The introgressed allele, which is postulated to provide
selective advantages in terms of adaptation to cold environments, was found at higher
frequencies in contemporary east Asian populations than in contemporary Europeans, and at
lowest frequencies in contemporary Africans [45]. A similar observation was made in a
separate study in which an archaic leptin receptor allele, presumed to be associated with
increased thermogenesis, occurred at higher frequencies in contemporary east Asian pop-
ulations than in Europeans; both groups descend from cold-adapted early humans [48]. The
latter study did not detect the TBX15/WARS2 signal, though it did not include genetic
analysis of contemporary populations living in extreme cold, such as Inuits. The differential
allele frequency for certain cold-adaptive variants in equally cold-tolerant populations
suggests that cold adaptation may have evolved independently in Europeans and east Asians
and may be related to the proportion of archaic admixture (east Asian populations have a
higher percentage admixture than Europeans). Neanderthal ancestry has increased the
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expression of genes that promote lipid catabolism in Europeans vs Asians [49]. Given that
NST in BAT is activated by the release of fatty acids from lipolysis, enhanced lipid ca-
tabolism may have conferred resistance to cold [32]. Similar to differential mechanisms of
cold adaptation, reduced skin pigmentation in Europeans and east Asians appears to be
conferred by distinct genes, suggesting convergent evolution in similar traits that are
adaptive to northerly latitudes [50]. The timing and frequency of admixture between
archaic and modern humans is currently the subject of debate, though recent estimates
suggest numerous admixture events have been more frequent in east Asian populations,
potentially explaining the higher proportion of archaic DNA in this population [40, 51]. It
also appears that later waves of Neanderthals interbred with the ancestors of modern east
Asians after the former had encountered and admixed with the ancestors of modern
Europeans [40]. Figure 1 outlines potential archaic/modern human admixture events that
may have facilitated early modern human inhabitants of northeast Asia and Europe to
survive in extreme cold.
Whether archaic admixture has influenced the presence of cold adaptive genes and thereby
influenced BAT presence and function in modern humans remains to be confirmed. What is
becoming increasingly clear, however, is that contemporary modern human populations
display considerable variation in functional BAT, which may be related to latitude. Thus,
presence of functional BAT in contemporary populations may have been influenced by
evolutionary factors driven by ancestral exposure to cold environments. Certainly, for a single
gene or allele to strongly influence adiposity and cold adaption simultaneously, BAT ther-
mogenesis must be a leading candidate in their combined causality. Genetic variants that
have a strong association with BMI and latitude and that have been shown to function in
BAT/NST are highlighted in Table 1.
A study revealed that BAT volume and NST were reduced in south Asians, which had a
negative impact on basal metabolism and energy expenditure [52]. Nishimura et al. [53] have
shown that a UCP1 haplotype consisting of a series of single nucleotide polymorphisms
(SNPs) in the UCP1 locus increased NST and were associated with increased basal meta-
bolism. Furthermore, the UCP1 haplotype was found at higher frequencies in European
populations (63%) compared with Africans (6.5%). This study supports the notion that genes
for enhanced NST in BAT may have undergone positive selection as modern humans mi-
grated out of Africa and inhabited colder regions.
Another thermogenic gene in which allelic variants exhibit a latitudinal pattern of ex-
pression is PR/SET domain 16 (PRDM16), a master regulator of brown and beige adipo-
genesis. A study has revealed that SNPs in PRDM16were differentially expressed in modern
European populations and that the SNPs were found at higher frequencies in northern
European populations than in southern European populations [54]. Such latitudinal-based
genetic diversity in Europeans is observed in other loci and reflects the known demarcation in
the genetic landscape between northern and southern Europeans, potentially driven by
climatic selection pressures [55].
Another gene that is differentially expressed on the basis of global distribution and
climatic factors is the thyroid adenoma-associated (THADA) gene. SNPs in the THADA gene
have experienced one of the highest rates of positive selection in modern humans [56]. These
mutations, which have archaic origins, have a heavily latitudinal basis, being found at
higher frequencies in northerly latitudes and colder climates, suggesting a role in cold
adaptation. In support of this notion, Moraru et al. [57] found that THADA binds the sarco/
ER Ca2+ (SERCA), which augments NST by providing a UCP1-independent means of
uncoupled respiration in BAT of rodents [58]. THADA mutant flies lacking in SERCA ac-
tivity were cold sensitive and prone to obesity. Thus, THADAmay play a UCP1-independent
role in thermogenesis and cold adaptation and may thus influence ethnic variations in
obesity susceptibility.
A mutation in the ADRB3 gene that favors energy storage, because of reductions in
lipolysis and NST, which suppress basal metabolism, occurs at higher frequencies in people
of African descent compared with those of European descent [33]. The energy wastage
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version of the allele (trp64) has been found only in humans and may support cold adap-
tation [32]. Interestingly, the energy storage variant of ADRB3 has the highest frequencies
in Pima Indians (more so than Africans), who have evolved to live in the extreme heat of
Arizona. Of note, Pima Indians, who also have some of the highest rates of obesity in the
world, have been cited as evidence in support of the thrifty gene hypothesis, which suggests
that genes favoring energy storage during times of famine have become maladaptive in
currentWestern society [59]. It is more plausible, however, that climatic exposure hadmore
of a bearing on selection for energy wastage vs energy storage as opposed to genes con-
cerned solely with energy conservation.
Figure 1. Diagrammatic representation of the concept of human adaptation to climate and
the selection for BAT genes. Eutherian mammals evolved 150 MYA. Approximately 65 to 70
MYA, BAT fueled mammalian radiation, in which most orders of mammals alive today
evolved. Primates evolved in Africa, and hominids diverged from the line with nonhuman
primates, giving rise to Australopithecus aferensis ~4 MYA. Homo erectus speciated from
Australopithecus ~2 MYA. Between 500 and 400 KYA, H. erectus left Africa and adapted to
cold climates (snowflake icon) for the first time. The species later diverged into two archaic
human species differing in their geographic distribution. Denisovans lived in northeast Asia;
Neanderthals lived in Europe and west Asia. By the time the ancestors of all non-African
modern human populations left Africa 70 KYA, they were highly adapted to heat (sun icon);
however, as they reached more northerly latitudes in northeast Asia, genes for cold
adaptation would have been advantageous. In addition to selective pressures acting on modern
human DNA, archaic admixture and subsequent adaptive introgression of cold-adaptive archaic
genes may have aided modern human survival in cold climates. The story is rather more complex
in the Americas where, within a few thousand years, early migrants in America encountered
subarctic conditions in Beringia to tropical conditions in Arizona and Mexico (ancestors of Pima
Indians) to sub-Antarctic conditions in Tierra del Fuego (ancestors of indigenous Yaghan).
Descendants of cold-adapted populations would likely have evolved efficient BAT capacity,
whereas the opposite may be true of descendants of heat-adapted populations. Such evolutionary
factors may explain why the descendants of heat-adapted populations, such as modern Africans,
south Asians, and Pimas, have reduced metabolic rates and greater obesity susceptibility
compared with cold-adapted populations such as modern east Asians and Europeans. E, east;
KYA, thousand years ago; M, modern; MYA, million years ago; NH, nonhuman; S, south.
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3. Energy Expenditure Variations by Ethnicity
Given that ancestral exposure to cold influenced genes for functional BAT and NST, and
that BAT function varies greatly between individuals, it is plausible that ethnicity, which
represents a direct genetic link to ancient ancestry and climatic positive selection, reflects
BAT function and thus predicts basal metabolic rates. Evidence in favor of this concept has
been mounting in recent years [60] and suggests that ethnic groups whose ancestry lies in
Africa, south Asia, and other regions wherein extreme cold exposure has been largely absent
have reduced BAT activity and lower basal metabolic rates. Numerous studies have shown
that basal metabolic rates are lower in individuals of African ancestry compared with those of
European ancestry, which predisposes the former group to obesity and may inhibit weight
loss [61]. This lowered metabolism has been linked to reduced NST and BAT activity [62]. A
study has shown that even after adjusting for leanmass (muscle ismoremetabolically active),
age, sex, and other potential confounders, African ancestry is associated with reduced basal
metabolism and lower lipid oxidation compared with European ancestry [63]. Interestingly,
this reduced basal metabolism has been identified in young African American women of
normal weight and with no history of weight problems, suggesting a causal relationship in
obesity [64]. Interestingly, the presence and degree of European ancestry in African in-
dividuals were positively correlated with basal metabolism, confirming that African ancestry
is associated with reduced metabolism, whereas European ancestry is associated with higher
metabolic rates [65]. Alarmingly, complete African ancestry without European admixture
lowers basal metabolism by as much as 160 kcal/d. This is not an insignificant amount and
equates to a .7-kg weight gain per year.
Taken together, the findings of these studies strongly suggest that reduced basal meta-
bolism and obesity susceptibility in Africans may be due to insufficient BAT function. African
Americans have consistently higher obesity rates across theUnited States and otherWestern
countries compared with whites [66]. It stands to reason that the lack of ancestral exposure to
cold is the predominant factor in a bluntedBAT activity observed in this ethnic group. Similar
to Africans, south Asian ancestry is associated with decreased BAT volume and function [52].
South Asians living inWestern countries have greater susceptibility to obesity andmetabolic
disorders such as diabetes and cardiovascular disease, which maybe mediated by lowered
BAT activity.
On the other end of the spectrum, east Asian ancestry (e.g., Chinese, Japanese, Korean) is
associated with relative obesity resistance [67–69]. Individuals of Chinese ancestry in in-
dustrialized countries have some of the lowest rates of obesity despite an increasingly
Western lifestyle. Certainly, of the ethnic groups in the United States, east Asians are the
least likely to be obese. Interestingly, the ancestors of east Asia who lived in Siberia for
thousands of years were highly adapted to extreme cold [60]. In fact, the unique shape of the
Table 1. Genetic Variants Associated With Latitude, Obesity, and BAT Thermogenesis
Gene/Locus Function Finding First Author
UCP1 Thermogenesis Haplotype found at higher frequencies
in Europeans vs Africans
Nishimura [53]
PRDM16 Brown adipogenesis
SERCA uncoupler
SNPs associated with latitude, believed to
function in cold adaptation
Quagliariello [54]
THADA Lipolysis Variants strongly correlate with
BMI and latitude
Moraru [57]
ADRB3 Thermogenesis Energy-storage variant higher in Africans
and Pima Indians
Walston [33]
TBX15/Wars2 Brown adipogenesis Archaic allele associated with cold
adaptation and BMI
Racimo [45]
TRIB2 Brown adipogenesis Obesity-resistant variant associated with cold
adaptation in east Asians
Nakayama [77]
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skull, particularly the angles of the cheekbones of east Asians, is widely believed to protect
from extreme cold [70]. Various indigenous peoples of Tibet and Siberia who are genetically
similar to contemporary Chinese and Japanese peoples share cold-adaptive traits and have
significantly elevated basal metabolic rates [71, 72]. This pattern of higher basal metabolism
in populations whose ancestors were highly cold adapted has been robustly replicated in
various studies [73–75]. It is noteworthy that an adaptive variant of the tribbles pseudo-
kinase 2 (TRIB2) gene, which was found to have undergone positive selection during the last
glacial maximum, was also associated with enhanced expression of thermogenic gene ex-
pression in Japanese populations. Moreover, the adaptive variant is protective against
obesity, presumably through elevated levels of thermogenesis [76, 77]. Thus, TRIB2 rep-
resents a gene that has demonstrable associations with climate adaptation and adiposity
potentially through thermogenic activity.
Archaic human admixture from Neanderthals and Denisovans likely contributed to en-
hanced cold adaption in east Asians and may explain why these individuals exhibit some of
the highest rates of archaic admixture [78]. More studies are required, however, to determine
whether elevated basal metabolism in indigenous peoples of the arctic and subarctic is due to
high rates of BAT NST.
To explain the genetic basis for the obesity pandemic in industrialized countries, various
conflicting theories have been presented. The thrifty gene posits that since the advent of
farming, modern human populations have placed their food security at the mercy of un-
predictable climatic environments, which necessitated the selection for genes that enabled
effective energy storage during times of famine [79, 80].
4. Drifty vs Thrifty Gene Hypotheses
A credible alternative explanation to the thrifty gene hypothesis was presented by John
Speakman, who argues that, contrary to undergoing positive selection, genes that promoted
fat storage were the result of genetic drift [81, 82]. When humans were able to band together
and coordinate their foraging, hunting, and social activities, as well as evade prey by in-
novative tactics such as the use of fire, they were able to effectively remove themselves from
danger without relying on genes for leanness, physical strength, and athleticism. Speakman
argues that this “predation release” led neither to purifying selection nor positive selection for
thrifty alleles. The thrifty alleles were simply neutral and allowed to drift, explaining their
high prevalence in today’s modern human gene pool.
Work from Speakman’s group has revealed very little evidence for positive selection for
thrifty genes. Only four of nine positive selection signals for BMI genes previously detected in
GWAS were in genes linked to energy and fat storage [83]. In fact, for the majority of BMI-
associated variants (five of nine), positive selection favored the protective allele (i.e., they
favored leanness). Moreover, three of the four thrifty alleles that underwent positive selection
had selection signals before 30,000 years ago, many decades before the advent of farming.
This lack of strong selection for thrifty alleles, evidence for the positive selection for protective
alleles, and the timing of selection for thrifty alleles are strong evidence against the thrifty
gene concept.
5. The Question of Obesity Demographics
Another flaw in the thrifty hypothesis is its inability to reconcile evolutionary genetics with
the contemporary obesity demographics. Obesity rates in Western countries such as the
United States and the United Kingdom are not equal across ethnicities, as previously
highlighted [60]. Studies have consistently shown that African ancestry is associated with the
highest obesity rates, followed by south Asians. East Asians and whites have the lowest rates
of obesity. Although cultural and socioeconomic factors undoubtedly play a role, increasing
evidence for genetic contributions to this observation cannot be refuted. The thrifty gene
hypothesis is unable to explain why such interethnic variation in obesity has manifest in
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recent times. Given the relative obesity resistance in east Asian ancestry (particularly those
with Chinese and Japanese ancestry), the theory implies there has been relatively little
famine observed in Chinese and Japanese history. Quite the contrary, however: Some of the
most catastrophic famine episodes have been reported in east Asia within the last 1000 years
[84]. Gluckman andHanson [85, 86] have argued that very little evidence exists for European
famines on a scale sufficient enough to cause large-scale changes in allele frequency.
Moreover, statistical analysis has revealed that food security has been surprisingly con-
sistent throughout evolutionary history, regardless of agricultural, foraging, or hunting
practices [87].
6. Toward a Unifying Theory
Although itmay be argued that the ethnic variation in obesitymay represent genetic drift due
to founder effects in populations such Samoans and Pima Indians, the drifty genotype hy-
pothesis cannot effectively explain why various ethnic groups such as east Asians are
protected from obesity. An alternative explanation for themodern obesity pandemic might be
related to the selection (or not) for energy expense alleles related to NST in BAT. This
viewpoint represents a form of maladaptive scenario in which genes that provided heat
adaption (i.e., lack of BAT NST) rather than cold adaptation become disadvantageous in the
modern high-calorie, low physical activity society. The positive selection for BAT genes on the
other hand, which historically provided effective NST to deal with cold, also conferred higher
metabolic rates. This is metabolically advantageous in today’s society because, in addition to
conferring higher basal metabolic rates, BAT NST can be stimulated by excess fat and caloric
intake, thus providing a way to burn off excess energy intake. This may explain why east
Asians such as Chinese and Japanese living in the United States are obesity resistant,
despite consuming similar nutrition and having similar a lifestyle [60].
An interesting nuance in obesity demographics is the disparity in obesity susceptibil-
ity among mongoloids, particularly native Americans (including Pima Indians), Pacific Is-
landers, and east Asians, who share a high degree of genetic similarity and are descended
from a common ancestor [88]. Interestingly, although all three groups have cold-adapted
ancestry, only the east Asians appear to have high metabolic rates that confer obesity re-
sistance [89, 90]. When the ancestors of native Americans, including Pima Indians, entered
the Bering land bridge during the last ice age, much of northern North America was covered
in ice. Given evidence of an extended presence in Bering before entering the Americas
~12,000 to 13,000 years ago and a population bottleneck, these people would have been highly
cold adapted [35, 91]. As the first American settlers traveled south along the coast toward
Arizona and Mexico where Pima Indians settled, they would have had to reacquire genes for
heat adaptation [92]. In fact, Native Americans exhibit physiological responses to salt loss
during sweating that are comparable to those of Africans, suggesting that cold adapted
mongoloids who entered the Americas andmigrated rapidly southward were heat adapted by
the time they settled in arid Arizona and Central America. This hypothetical purging of cold
adaptation genes may explain the lower metabolism and susceptibility to obesity in Pima
Indians [92]. Native Americans who remained in circumpolar regions, such as Inuits, remain
cold adapted and have higher metabolic rates. Interestingly, a subpopulation of the ancestors
of Pimas continued their rapid southerly migration from central America, reaching the
southern tip by 10,000 years ago. Their descendants, the indigenous Yaghan people, appear
to have high metabolic rates and are highly adapted to cold [93]. Thus, evolutionary climatic
exposures that influenced NST and BAT function may explain the ethnic variation in basal
metabolism and obesity rates today. This concept is illustrated in Figure 1.
Another factor that may affect the therapeutic potential of browning capacity and BAT
thermogenic function is that most people who are obese live in industrialized countries with
central heating and are not generally under cold stress. Given that studies have shown that
chronic cold stress or sympathetic nervous stimulation is required to maintain the oxida-
tive and thermogenic properties of beige cells [94], it remains to be fully determined what
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long-term effects artificial heating have had on browning capacity in humans, though studies
in rodents indicate that whitening of beige cells in response to thermoneutral conditions may
be reversed by cold acclimation [95].
More evidence is required to directly assess the impact of evolutionary climatic selection
pressures on genes for BAT function across ethnic groups. At present, the vast majority of
GWAS on BMI have been conducted in Europeans. A further limitation to the GWAS ap-
proach is understanding the functional relationship of the SNP to metabolic function and to
determine the precise causal nature in obesity susceptibility. The case of the FTO gene is
prime example of the inherent difficulties presented byGWAS in providing functional context
[96]. Nevertheless, although GWAS have identified common SNPs for BMI across ethnicities,
the vast majority appear to be race or ethnicity specific, which appears to support the view
that ethnic variations in obesity susceptibility should be considered when discussing the
evolutionary origins of obesity [97].
Whatever the cause, considerable evidence points to the fact that certain ethnic groups
have lowered basal metabolism and thus daily caloric requirements vary greatly by ethnicity.
Given that a large proportion of dieters in the United States and Europe use calorie-counting
programs [98], it is incumbent on national health services such as the National Health
Service in the United Kingdom and the National Institutes of Health in the United States
to issue ethnicity- and race-specific guidelines on caloric requirements to prevent over-
consumption. In recent years, race-specific guidelines for clinical cardiovascular measures
such as high-density lipoprotein and low-density lipoprotein cholesterol have been issued for
south Asians [99]. Such targeted strategies are seen as a positive step in tackling the ethnic
variation in heart disease, but similar approaches should be considered for guidelines on
caloric consumption.
In summary, the genetic cause of themodern obesity pandemic is highly complex andmore
questions than answers remain. What is clear, however, is that obesity rates vary greatly by
ethnicity and this is reflected in basal metabolic rates. The genetics associated with in-
terethnic differences in basal metabolic rates may lie in our evolutionary past. Specifically,
the selection for genes associated with NST in BAT, which influence metabolism, may have
been shaped by differential climatic exposures since the migration out of Africa of modern
humans ~60,000 years ago.
Acknowledgments
Financial Support: D.S. is supported by the Medical Research Council (New Investigator Research
Grant MR/P011683/1) and the Royal Society (Grant RSG\R1\180166).
Correspondence: Dyan Sellayah, PhD, University of Reading School of Biological Sciences,
Whiteknights, Reading, RG6 6AS, United Kingdom. E-mail: d.sellayah@reading.ac.uk.
Disclosure Summary: The author has nothing to disclose.
References and Notes
1. Farooqi S, O’Rahilly S. Genetics of obesity in humans. Endocr Rev. 2006;27(7):710–718.
2. Stunkard AJ, Sørensen TI, Hanis C, Teasdale TW, Chakraborty R, Schull WJ, Schulsinger F. An
adoption study of human obesity. N Engl J Med. 1986;314(4):193–198.
3. Sørensen TI, Holst C, Stunkard AJ. Adoption study of environmental modifications of the genetic
influences on obesity. Int J Obes Relat Metab Disord. 1998;22(1):73–81.
4. Bouchard C, Tremblay A, Despre´s JP, Nadeau A, Lupien PJ, The´riault G, Dussault J, Moorjani S,
Pinault S, Fournier G. The response to long-term overfeeding in identical twins. N Engl J Med. 1990;
322(21):1477–1482.
5. Lowell BB, Spiegelman BM. Towards a molecular understanding of adaptive thermogenesis. Nature.
2000;404(6778):652–660.
6. Brooks SL, Rothwell NJ, Stock MJ, Goodbody AE, Trayhurn P. Increased proton conductance pathway
in brown adipose tissue mitochondria of rats exhibiting diet-induced thermogenesis. Nature. 1980;
286(5770):274–276.
doi: 10.1210/js.2018-00363 | Journal of the Endocrine Society | 381
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
7. Hibi M, Oishi S, Matsushita M, Yoneshiro T, Yamaguchi T, Usui C, Yasunaga K, Katsuragi Y, Kubota
K, Tanaka S, Saito M. Brown adipose tissue is involved in diet-induced thermogenesis and whole-body
fat utilization in healthy humans. Int J Obes. 2016;40(11):1655–1661.
8. Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active brown adipose tissue in adult
humans. Am J Physiol Endocrinol Metab. 2007;293(2):E444–E452.
9. Heaton JM. The distribution of brown adipose tissue in the human. J Anat. 1972;112(Pt 1):35–39.
10. AherneW, Hull D. Brown adipose tissue and heat production in the newborn infant. J Pathol Bacteriol.
1966;91(1):223–234.
11. Emery JL, Dinsdale F. Structure of periadrenal brown fat in childhood in both expected and cot deaths.
Arch Dis Child. 1978;53(2):154–158.
12. van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM, Kemerink GJ, Bouvy
ND, Schrauwen P, Teule GJ. Cold-activated brown adipose tissue in healthy men.NEngl J Med. 2009;
360(15):1500–1508.
13. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, Kuo FC, Palmer EL, Tseng YH,
Doria A, Kolodny GM, Kahn CR. Identification and importance of brown adipose tissue in adult
humans. N Engl J Med. 2009;360(15):1509–1517.
14. Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, Taittonen M, Laine J, Savisto
NJ, Enerba¨ck S, Nuutila P. Functional brown adipose tissue in healthy adults. N Engl J Med. 2009;
360(15):1518–1525.
15. Cypess AM, Kahn CR. The role and importance of brown adipose tissue in energy homeostasis. Curr
Opin Pediatr. 2010;22(4):478–484.
16. Giralt M, Villarroya F. White, brown, beige/brite: different adipose cells for different functions? En-
docrinology. 2013;154(9):2992–3000.
17. Wu J, Bostro¨m P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, Nuutila P,
Schaart G, Huang K, Tu H, van Marken Lichtenbelt WD, Hoeks J, Enerba¨ck S, Schrauwen P,
Spiegelman BM. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell.
2012;150(2):366–376.
18. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological significance. Physiol Rev.
2004;84(1):277–359.
19. Jastroch M, Oelkrug R, Keipert S. Insights into brown adipose tissue evolution and function from non-
model organisms. J Exp Biol. 2018;221(Pt Suppl 1).
20. Hughes DA, Jastroch M, Stoneking M, Klingenspor M. Molecular evolution of UCP1 and the evolu-
tionary history of mammalian non-shivering thermogenesis. BMC Evol Biol. 2009;9(1):4.
21. Runcie RM, Dewar H, Hawn DR, Frank LR, Dickson KA. Evidence for cranial endothermy in the opah
(Lampris guttatus). J Exp Biol. 2009;212(Pt 4):461–470.
22. Jastroch M, Buckingham JA, Helwig M, Klingenspor M, Brand MD. Functional characterisation of
UCP1 in the common carp: uncoupling activity in livermitochondria and cold-induced expression in the
brain. J Comp Physiol B. 2007;177(7):743–752.
23. Oelkrug R, Goetze N, Exner C, Lee Y, Ganjam GK, Kutschke M, Mu¨ller S, Sto¨hr S, Tscho¨p MH,
Crichton PG, Heldmaier G, Jastroch M, Meyer CW. Brown fat in a protoendothermic mammal fuels
eutherian evolution. Nat Commun. 2013;4(1):2140.
24. Jastroch M, Withers KW, Taudien S, Frappell PB, Helwig M, Fromme T, Hirschberg V, Heldmaier G,
McAllan BM, Firth BT, Burmester T, Platzer M, Klingenspor M.Marsupial uncoupling protein 1 sheds
light on the evolution of mammalian nonshivering thermogenesis. Physiol Genomics. 2008;32(2):
161–169.
25. Hope PJ, Pyle D, Daniels CB, Chapman I, Horowitz M, Morley JE, Trayhurn P, Kumaratilake J,
Wittert G. Identification of brown fat and mechanisms for energy balance in the marsupial, Smin-
thopsis crassicaudata. Am J Physiol. 1997;273(1 Pt 2):R161–R167.
26. Gaudry MJ, Campbell KL. Evolution of UCP1 transcriptional regulatory elements across the mam-
malian phylogeny. Front Physiol. 2017;8:670.
27. Ji Q, Luo ZX, YuanCX,Wible JR, Zhang JP, Georgi JA. The earliest known eutherianmammal.Nature.
2002;416(6883):816–822.
28. Carter AM, Mess A. Evolution of the placenta in eutherian mammals. Placenta. 2007;28(4):259–262.
29. O’Leary MA, Bloch JI, Flynn JJ, Gaudin TJ, Giallombardo A, Giannini NP, Goldberg SL, Kraatz BP,
Luo ZX, Meng J, Ni X, Novacek MJ, Perini FA, Randall ZS, Rougier GW, Sargis EJ, Silcox MT,
Simmons NB, Spaulding M, Velazco PM, Weksler M, Wible JR, Cirranello AL. The placental mammal
ancestor and the post-K-Pg radiation of placentals. Science. 2013;339(6120):662–667.
30. Foley RA,Martin L,Mirazo´n LahrM, Stringer C.Major transitions in human evolution.Philos Trans R
Soc Lond B Biol Sci. 2016;371(1698): https://doi.org/10.1098/rstb.2015.0229.
382 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00363
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
31. WilliamsBA, KayRF, Kirk EC. New perspectives on anthropoid origins.ProcNatl Acad Sci USA. 2010;
107(11):4797–4804.
32. Takenaka A, Nakamura S, Mitsunaga F, Inoue-MurayamaM, Udono T, Suryobroto B. Human-specific
SNP in obesity genes, adrenergic receptor beta2 (ADRB2), Beta3 (ADRB3), and PPAR g2 (PPARG),
during primate evolution. PLoS One. 2012;7(8):e43461.
33. Walston J, Silver K, Bogardus C, Knowler WC, Celi FS, Austin S, Manning B, Strosberg AD, SternMP,
Raben N, et al. Time of onset of non-insulin-dependent diabetes mellitus and genetic variation in the
beta 3-adrenergic-receptor gene. N Engl J Med. 1995;333(6):343–347.
34. Lo´pez S, van Dorp L, Hellenthal G. Human dispersal out of Africa: a lasting debate. Evol Bioinform
Online. 2016;11(Suppl 2):57–68.
35. Nielsen R, Akey JM, Jakobsson M, Pritchard JK, Tishkoff S, Willerslev E. Tracing the peopling of the
world through genomics. Nature. 2017;541(7637):302–310.
36. Steegmann AT Jr, Cerny FJ, Holliday TW. Neandertal cold adaptation: physiological and energetic
factors. Am J Hum Biol. 2002;14(5):566–583.
37. Sorensen MV, Leonard WR. Neandertal energetics and foraging efficiency. J Hum Evol. 2001;40(6):
483–495.
38. Holliday TW. Postcranial evidence of cold adaptation in European Neandertals. Am J Phys Anthropol.
1997;104(2):245–258.
39. Krause J, Fu Q, Good JM, Viola B, ShunkovMV, Derevianko AP, Pa¨a¨bo S. The complete mitochondrial
DNA genome of an unknown hominin from southern Siberia. Nature. 2010;464(7290):894–897.
40. Vernot B, Akey JM. Complex history of admixture between modern humans and Neandertals. Am J
Hum Genet. 2015;96(3):448–453.
41. Wolf AB, Akey JM. Outstanding questions in the study of archaic hominin admixture. PLoS Genet.
2018;14(5):e1007349.
42. Wall JD, Yoshihara Caldeira Brandt D. Archaic admixture in human history. Curr Opin Genet Dev.
2016;41:93–97.
43. Quach H, Rotival M, Pothlichet J, Loh YE, Dannemann M, Zidane N, Laval G, Patin E, Harmant C,
Lopez M, Deschamps M, Naffakh N, Duffy D, Coen A, Leroux-Roels G, Cle´ment F, Boland A, Deleuze
JF, Kelso J, Albert ML, Quintana-Murci L. Genetic adaptation and Neandertal admixture shaped the
immune system of human populations. Cell. 2016;167(3):643–656.e17.
44. Huerta-Sa´nchezE, Jin X, Asan, Bianba Z, Peter BM, VinckenboschN, LiangY, Yi X, HeM, SomelM,Ni
P,WangB, Ou X, Huasang, Luosang J, Cuo ZX, Li K, Gao G, Yin Y,WangW, Zhang X, Xu X, YangH, Li
Y, Wang J, Wang J, Nielsen R. Altitude adaptation in Tibetans caused by introgression of Denisovan-
like DNA. Nature. 2014;512(7513):194–197.
45. Racimo F, Gokhman D, Fumagalli M, Ko A, Hansen T, Moltke I, Albrechtsen A, Carmel L, Huerta-
Sa´nchez E, Nielsen R. Archaic adaptive introgression in TBX15/WARS2. Mol Biol Evol. 2017;34(3):
509–524.
46. Heid IM, Jackson AU, Randall JC,Winkler TW, Qi L, Steinthorsdottir V, Thorleifsson G, ZillikensMC,
Speliotes EK, Ma¨gi R, Workalemahu T, White CC, Bouatia-Naji N, Harris TB, Berndt SI, Ingelsson E,
Willer CJ, Weedon MN, Luan J, Vedantam S, Esko T, Kilpela¨inen TO, Kutalik Z, Li S, Monda KL,
Dixon AL, Holmes CC, Kaplan LM, Liang L, Min JL, Moffatt MF, Molony C, Nicholson G, Schadt EE,
Zondervan KT, Feitosa MF, Ferreira T, Lango Allen H, Weyant RJ, Wheeler E, Wood AR, Estrada K,
Goddard ME, Lettre G, Mangino M, Nyholt DR, Purcell S, Smith AV, Visscher PM, Yang J, McCarroll
SA, Nemesh J, Voight BF, AbsherD, AminN, AspelundT, Coin L, GlazerNL, HaywardC, Heard-Costa
NL, Hottenga JJ, Johansson A, Johnson T, Kaakinen M, Kapur K, Ketkar S, Knowles JW, Kraft P,
KrajaAT, LaminaC, LeitzmannMF,McKnight B,Morris AP,OngKK, Perry JR, PetersMJ, PolasekO,
Prokopenko I, Rayner NW, Ripatti S, Rivadeneira F, Robertson NR, Sanna S, Sovio U, Surakka I,
TeumerA, vanWingerden S, Vitart V, Zhao JH, Cavalcanti-Proença C, Chines PS, Fisher E, Kulzer JR,
Lecoeur C, Narisu N, Sandholt C, Scott LJ, Silander K, Stark K, Tammesoo ML, Teslovich TM,
Timpson NJ, Watanabe RM, Welch R, Chasman DI, Cooper MN, Jansson JO, Kettunen J, Lawrence
RW, Pellikka N, Perola M, Vandenput L, Alavere H, Almgren P, Atwood LD, Bennett AJ, Biffar R,
Bonnycastle LL, Bornstein SR, BuchananTA, CampbellH, Day IN, DeiM,Do¨rrM, Elliott P, ErdosMR,
Eriksson JG, Freimer NB, Fu M, Gaget S, Geus EJ, Gjesing AP, Grallert H, Gra¨ssler J, Groves CJ,
Guiducci C, Hartikainen AL, Hassanali N, Havulinna AS, Herzig KH, Hicks AA, Hui J, Igl W,
Jousilahti P, Jula A, Kajantie E, Kinnunen L, Kolcic I, Koskinen S, Kovacs P, Kroemer HK, Krzelj V,
Kuusisto J, Kvaloy K, Laitinen J, Lantieri O, Lathrop GM, Lokki ML, Luben RN, Ludwig B, McArdle
WL,McCarthyA,MorkenMA,NelisM,NevilleMJ, Pare´ G, ParkerAN, Peden JF, Pichler I, Pietila¨inen
KH, Platou CG, Pouta A, Ridderstra˚leM, SamaniNJ, Saramies J, Sinisalo J, Smit JH, Strawbridge RJ,
StringhamHM, Swift AJ, Teder-LavingM, Thomson B, Usala G, vanMeurs JB, van OmmenGJ, Vatin
doi: 10.1210/js.2018-00363 | Journal of the Endocrine Society | 383
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
V, Volpato CB, Wallaschofski H, Walters GB, Widen E, Wild SH, Willemsen G, Witte DR, Zgaga L,
Zitting P, Beilby JP, James AL, Ka¨ho¨nen M, Lehtima¨ki T, Nieminen MS, Ohlsson C, Palmer LJ,
Raitakari O, Ridker PM, Stumvoll M, To¨njes A, Viikari J, Balkau B, Ben-Shlomo Y, Bergman RN,
Boeing H, Smith GD, Ebrahim S, Froguel P, Hansen T, Hengstenberg C, Hveem K, Isomaa B,
Jørgensen T, Karpe F, Khaw KT, Laakso M, Lawlor DA, Marre M, Meitinger T, Metspalu A, Midthjell
K, Pedersen O, Salomaa V, Schwarz PE, Tuomi T, Tuomilehto J, Valle TT, Wareham NJ, Arnold AM,
Beckmann JS, Bergmann S, Boerwinkle E, Boomsma DI, Caulfield MJ, Collins FS, Eiriksdottir G,
Gudnason V, GyllenstenU, Hamsten A, Hattersley AT, HofmanA, Hu FB, Illig T, Iribarren C, Jarvelin
MR, Kao WH, Kaprio J, Launer LJ, Munroe PB, Oostra B, Penninx BW, Pramstaller PP, Psaty BM,
Quertermous T, Rissanen A, Rudan I, Shuldiner AR, Soranzo N, Spector TD, Syvanen AC, Uda M,
Uitterlinden A, Vo¨lzke H, Vollenweider P,Wilson JF,Witteman JC,Wright AF, Abecasis GR, Boehnke
M, Borecki IB, Deloukas P, Frayling TM, Groop LC, Haritunians T, Hunter DJ, Kaplan RC, North KE,
O’Connell JR, Peltonen L, Schlessinger D, Strachan DP, Hirschhorn JN, Assimes TL, Wichmann HE,
Thorsteinsdottir U, van Duijn CM, Stefansson K, Cupples LA, Loos RJ, Barroso I, McCarthy MI, Fox
CS, Mohlke KL, Lindgren CM; MAGIC. Meta-analysis identifies 13 new loci associated with waist-hip
ratio and reveals sexual dimorphism in the genetic basis of fat distribution [published correction
appears in Nat Genet. 2011;43(11):1164]. Nat Genet. 2010;42(11):949–960.
47. Gburcik V, Cawthorn WP, Nedergaard J, Timmons JA, Cannon B. An essential role for Tbx15 in the
differentiation of brown and “brite” but not white adipocytes. Am J Physiol Endocrinol Metab. 2012;
303(8):E1053–E1060.
48. Sazzini M, Schiavo G, De Fanti S, Martelli PL, Casadio R, Luiselli D. Searching for signatures of cold
adaptations in modern and archaic humans: hints from the brown adipose tissue genes. Heredity
(Edinb). 2014;113(3):259–267.
49. Khrameeva EE, BozekK, He L, Yan Z, Jiang X,Wei Y, Tang K, GelfandMS, Prufer K, Kelso J, Paabo S,
Giavalisco P, LachmannM, Khaitovich P. Neanderthal ancestry drives evolution of lipid catabolism in
contemporary Europeans. Nat Commun. 2014;5(1):3584.
50. McEvoyB, Beleza S, ShriverMD. The genetic architecture of normal variation in human pigmentation:
an evolutionary perspective and model. Hum Mol Genet. 2006;15(Spec No 2, suppl_2):R176–R181.
51. Vernot B, Akey JM. Resurrecting surviving Neandertal lineages from modern human genomes.
Science. 2014;343(6174):1017–1021.
52. Bakker LE, Boon MR, van der Linden RA, Arias-Bouda LP, van Klinken JB, Smit F, Verberne HJ,
Jukema JW, Tamsma JT, Havekes LM, van Marken Lichtenbelt WD, Jazet IM, Rensen PC. Brown
adipose tissue volume in healthy lean south Asian adults compared with white Caucasians: a pro-
spective, case-controlled observational study. Lancet Diabetes Endocrinol. 2014;2(3):210–217.
53. Nishimura T, Katsumura T, Motoi M, Oota H, Watanuki S. Experimental evidence reveals the UCP1
genotype changes the oxygen consumption attributed to non-shivering thermogenesis in humans. Sci
Rep. 2017;7(1):5570.
54. Quagliariello A, De Fanti S, Giuliani C, Abondio P, Serventi P, Sarno S, Sazzini M, Luiselli D. Multiple
selective events at the PRDM16 functional pathway shaped adaptation of western European pop-
ulations to different climate conditions. J Anthropol Sci. 2017;95:235–247.
55. Allentoft ME, Sikora M, Sjo¨gren KG, Rasmussen S, Rasmussen M, Stenderup J, Damgaard PB,
Schroeder H, Ahlstro¨m T, Vinner L, Malaspinas AS, Margaryan A, Higham T, Chivall D, Lynnerup N,
Harvig L, Baron J, Della Casa P, Da˛ browski P, Duffy PR, Ebel AV, Epimakhov A, Frei K, FurmanekM,
Gralak T, Gromov A, Gronkiewicz S, Grupe G, Hajdu T, Jarysz R, Khartanovich V, Khokhlov A, Kiss V,
Kola´rˇ J, Kriiska A, Lasak I, Longhi C, McGlynn G, Merkevicius A, Merkyte I, Metspalu M, Mkrtchyan
R, Moiseyev V, Paja L, Pa´lfi G, Pokutta D, Pospieszny Ł, Price TD, Saag L, Sablin M, Shishlina N,
Smrcˇka V, Soenov VI, Szevere´nyi V, To´th G, Trifanova SV, Varul L, Vicze M, Yepiskoposyan L,
Zhitenev V, Orlando L, Sicheritz-Ponte´n T, Brunak S, Nielsen R, Kristiansen K, Willerslev E. Pop-
ulation genomics of Bronze Age Eurasia. Nature. 2015;522(7555):167–172.
56. Green RE, Krause J, Briggs AW,Maricic T, Stenzel U, KircherM, PattersonN, Li H, ZhaiW, FritzMH,
Hansen NF, Durand EY, Malaspinas AS, Jensen JD, Marques-Bonet T, Alkan C, Pru¨fer K, Meyer M,
Burbano HA, Good JM, Schultz R, Aximu-Petri A, Butthof A, Ho¨ber B, Ho¨ffner B, Siegemund M,
Weihmann A, Nusbaum C, Lander ES, Russ C, Novod N, Affourtit J, Egholm M, Verna C, Rudan P,
Brajkovic D, Kucan Zˇ, Gusˇic I, Doronichev VB, Golovanova LV, Lalueza-Fox C, de la Rasilla M, Fortea
J, Rosas A, Schmitz RW, Johnson PLF, Eichler EE, Falush D, Birney E, Mullikin JC, Slatkin M,
Nielsen R, Kelso J, Lachmann M, Reich D, Pa¨a¨bo S. A draft sequence of the Neandertal genome.
Science. 2010;328(5979):710–722.
57. Moraru A, Cakan-Akdogan G, Strassburger K, Males M, Mueller S, Jabs M, Muelleder M, Frejno M,
Braeckman BP, Ralser M, Teleman AA. THADA regulates the organismal balance between energy
384 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00363
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
storage and heat production [published correction appears in Dev Cell. 2017]. Dev Cell. 2017;41(1):
72–81.e6.
58. de Meis L, Arruda AP, Carvalho DP. Role of sarco/endoplasmic reticulum Ca(2+)-ATPase in ther-
mogenesis. Biosci Rep. 2005;25(3-4):181–190.
59. Schulz LO, Chaudhari LS. High-risk populations: the Pimas of Arizona and Mexico. Curr Obes Rep.
2015;4(1):92–98.
60. Sellayah D, Cagampang FR, Cox RD. On the evolutionary origins of obesity: a new hypothesis. En-
docrinology. 2014;155(5):1573–1588.
61. Jakicic JM, Wing RR. Differences in resting energy expenditure in African-American vs Caucasian
overweight females. Int J Obes Relat Metab Disord. 1998;22(3):236–242.
62. Kimm SY, Glynn NW, Aston CE, Damcott CM, Poehlman ET, Daniels SR, Ferrell RE. Racial dif-
ferences in the relation between uncoupling protein genes and resting energy expenditure. Am J Clin
Nutr. 2002;75(4):714–719.
63. Adzika Nsatimba PA, Pathak K, Soares MJ. Ethnic differences in resting metabolic rate, respiratory
quotient and body temperature: a comparison of Africans and European Australians.Eur JNutr. 2016;
55(5):1831–1838.
64. Katzmarzyk PT,Most J, RedmanLM, Rood J, Ravussin E. Energy expenditure and substrate oxidation
in White and African American young adults without obesity. Eur J Clin Nutr. 2018;72(6):920–922.
65. Manini TM, Patel KV, Bauer DC, Ziv E, Schoeller DA, Mackey DC, Li R, Newman AB, Nalls M, Zmuda
JM, Harris TB; Health, Aging and Body Composition Study. European ancestry and resting metabolic
rate in older African Americans. Eur J Clin Nutr. 2011;65(6):663–667.
66. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of body
mass index among US adults, 1999-2010. JAMA. 2012;307(5):491–497.
67. Flegal KM, Carroll MD, Ogden CL, Johnson CL. Prevalence and trends in obesity among US adults,
1999-2000. JAMA. 2002;288(14):1723–1727.
68. Singh GK, Siahpush M, Hiatt RA, Timsina LR. Dramatic increases in obesity and overweight prev-
alence and body mass index among ethnic-immigrant and social class groups in the United States,
1976-2008. J Community Health. 2011;36(1):94–110.
69. Singh GK, Kogan MD, Yu SM. Disparities in obesity and overweight prevalence among US immigrant
children and adolescents by generational status. J Community Health. 2009;34(4):271–281.
70. Beals KL. Head form and climatic stress. Am J Phys Anthropol. 1972;37(1):85–92.
71. Snodgrass JJ, Sorensen MV, Tarskaia LA, Leonard WR. Adaptive dimensions of health research
among indigenous Siberians. Am J Hum Biol. 2007;19(2):165–180.
72. Yang J, Jin ZB, Chen J, Huang XF, Li XM, Liang YB, Mao JY, Chen X, Zheng Z, Bakshi A, Zheng DD,
Zheng MQ, Wray NR, Visscher PM, Lu F, Qu J. Genetic signatures of high-altitude adaptation in
Tibetans. Proc Natl Acad Sci USA. 2017;114(16):4189–4194.
73. Leonard WR, Levy SB, Tarskaia LA, Klimova TM, Fedorova VI, Baltakhinova ME, Krivoshapkin VG,
Snodgrass JJ. Seasonal variation in basal metabolic rates among the Yakut (Sakha) of Northeastern
Siberia. Am J Hum Biol. 2014;26(4):437–445.
74. Snodgrass JJ, Leonard WR, Sorensen MV, Tarskaia LA, Mosher MJ. The influence of basal metabolic
rate on blood pressure among indigenous Siberians. Am J Phys Anthropol. 2008;137(2):145–155.
75. Leonard WR, Sorensen MV, Galloway VA, Spencer GJ, Mosher MJ, Osipova L, Spitsyn VA. Climatic
influences on basal metabolic rates among circumpolar populations. Am J Hum Biol. 2002;14(5):
609–620.
76. Nakayama K, Ogawa A, Miyashita H, Tabara Y, IgaseM, Kohara K, Miki T, Kagawa Y, Yanagisawa Y,
KatashimaM, Onda T, OkadaK, Fukushima S, Iwamoto S. Positive natural selection of TRIB2, a novel
gene that influences visceral fat accumulation, in East Asia. Hum Genet. 2013;132(2):201–217.
77. Nakayama K, Iwamoto S. An adaptive variant of TRIB2, rs1057001, is associated with higher ex-
pression levels of thermogenic genes in human subcutaneous and visceral adipose tissues. J Physiol
Anthropol. 2017;36(1):16.
78. Wall JD, Yang MA, Jay F, Kim SK, Durand EY, Stevison LS, Gignoux C, Woerner A, Hammer MF,
Slatkin M. Higher levels of neanderthal ancestry in East Asians than in Europeans. Genetics. 2013;
194(1):199–209.
79. Neel JV. Diabetes mellitus: a “thrifty” genotype rendered detrimental by “progress”? Am JHumGenet.
1962;14:353–362.
80. Prentice AM, Hennig BJ, Fulford AJ. Evolutionary origins of the obesity epidemic: natural selection of
thrifty genes or genetic drift following predation release? Int J Obes. 2008;32(11):1607–1610.
81. Speakman JR. Thrifty genes for obesity, an attractive but flawed idea, and an alternative perspective:
the ‘drifty gene’ hypothesis. Int J Obes. 2008;32(11):1611–1617.
doi: 10.1210/js.2018-00363 | Journal of the Endocrine Society | 385
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
82. Speakman JR. A nonadaptive scenario explaining the genetic predisposition to obesity: the “predation
release” hypothesis. Cell Metab. 2007;6(1):5–12.
83. Wang G, Speakman JR. Analysis of positive selection at single nucleotide polymorphisms associated
with body mass index does not support the “thrifty gene” hypothesis. Cell Metab. 2016;24(4):531–541.
84. Smil V. China’s great famine: 40 years later. BMJ. 1999;319(7225):1619–1621.
85. Hanson MA, Gluckman PD. Developmental origins of health and disease: moving from biological
concepts to interventions and policy. Int J Gynaecol Obstet. 2011;115(Suppl 1):S3–S5.
86. Hanson M, Gluckman P. Developmental origins of noncommunicable disease: population and public
health implications. Am J Clin Nutr. 2011;94(6 suppl):1754S–1758S.
87. BenyshekDC,Watson JT. Exploring the thrifty genotype’s food-shortage assumptions: a cross-cultural
comparison of ethnographic accounts of food security among foraging and agricultural societies. Am J
Phys Anthropol. 2006;131(1):120–126.
88. Friedlaender JS, Friedlaender FR, Reed FA, Kidd KK, Kidd JR, Chambers GK, Lea RA, Loo JH, Koki
G, Hodgson JA, Merriwether DA, Weber JL. The genetic structure of Pacific Islanders [published
correction appears in PLoS Genet. 2008 Mar;4(3)]. PLoS Genet. 2008;4(1):e19.
89. Davis J, Busch J, Hammatt Z, Novotny R, Harrigan R, Grandinetti A, Easa D. The relationship be-
tween ethnicity and obesity in Asian and Pacific Islander populations: a literature review. Ethn Dis.
2004;14(1):111–118.
90. Esperat MC, Inouye J, Gonzalez EW, Owen DC, Feng D. Health disparities among Asian Americans
and Pacific Islanders. Annu Rev Nurs Res. 2004;22(1):135–159.
91. Llamas B, Fehren-Schmitz L, Valverde G, Soubrier J, Mallick S, Rohland N, Nordenfelt S, Valdiosera
C, Richards SM, Rohrlach A, Romero MI, Espinoza IF, Cagigao ET, Jime´nez LW, Makowski K, Reyna
IS, Lory JM, Torrez JA, Rivera MA, Burger RL, Ceruti MC, Reinhard J, Wells RS, Politis G, Santoro
CM, Standen VG, Smith C, Reich D, Ho SY, Cooper A, Haak W. Ancient mitochondrial DNA provides
high-resolution time scale of the peopling of the Americas. Sci Adv. 2016;2(4):e1501385.
92. Balaresque PL, Ballereau SJ, JoblingMA. Challenges in human genetic diversity: demographic history
and adaptation. Hum Mol Genet, 2007;16(2):R134–139.
93. Yesner D. Prehistoric maritime adaptations of the subarctic and subantarctic zones: the Aleutian/
Fuegian connection reconsidered. Arctic Anthropol. 2004;41(2):76–97.
94. Bartelt A, Widenmaier SB, Schlein C, Johann K, Goncalves RLS, Eguchi K, Fischer AW, Parlakgu¨l G,
Snyder NA, Nguyen TB, Bruns OT, Franke D, Bawendi MG, Lynes MD, Leiria LO, Tseng YH, Inouye
KE, Arruda AP, Hotamisligil GS. Brown adipose tissue thermogenic adaptation requires Nrf1-
mediated proteasomal activity. Nat Med. 2018;24(3):292–303.
95. Rosenwald M, Perdikari A, Ru¨licke T, Wolfrum C. Bi-directional interconversion of brite and white
adipocytes. Nat Cell Biol. 2013;15(6):659–667.
96. Tung YCL, Yeo GSH, O’Rahilly S, Coll AP. Obesity and FTO: changing focus at a complex locus. Cell
Metab. 2014;20(5):710–718.
97. Stryjecki C, Alyass A, Meyre D. Ethnic and population differences in the genetic predisposition to
human obesity. Obes Rev. 2018;19(1):62–80.
98. Gudzune KA, Doshi RS,Mehta AK, Chaudhry ZW, Jacobs DK, Vakil RM, Lee CJ, Bleich SN, Clark JM.
Efficacy of commercial weight-loss programs: an updated systematic review. Ann Intern Med. 2015;
162(7):501–512.
99. Volgman AS, Palaniappan LS, Aggarwal NT, Gupta M, Khandelwal A, Krishnan AV, Lichtman JH,
Mehta LS, Patel HN, Shah KS, Shah SH, Watson KE; American Heart Association Council on Epi-
demiology and Prevention; Cardiovascular Disease and Stroke in Women and Special Populations
Committee of the Council on Clinical Cardiology; Council on Cardiovascular and Stroke Nursing;
Council onQuality of Care andOutcomesResearch; and Stroke Council. Atherosclerotic cardiovascular
disease in South Asians in the United States: epidemiology, risk factors, and treatments: a scientific
statement from the American Heart Association. Circulation. 2018;138(1):e1–e34.
386 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00363
D
ow
nloaded from
 https://academ
ic.oup.com
/jes/article-abstract/3/2/372/5250671 by U
niversity of R
eading user on 07 February 2019
